Abstract. Some recent developments in the analytical and numerical study of the interaction of ultra-intense ultra-short laser pulses with relativistic plasmas are reviewed. Special attention is given to the subject of ion acceleration in view of its applications which range from proton imaging to the acceleration of collimated ion bunches and to the effect of fast magnetic field line reconnection on the evolution of the self-generated magnetic field.
INTRODUCTION
The interaction of ultraintense, ultrashort laser pulses with plasmas provides unique conditions for studying the collective nonlinear dynamics of a macroscopic relativistic system. In these systems the plasma dynamics is characterized by extreme conditions where particles can acquire relativistic energies that correspond to ordered motions such as large amplitude coherent oscillations, electron and ion collimated beams etc. [1] . Such "ordered" energies far exceed the plasma thermal content and are thus a natural source of plasma collective instabilities that can grow to nonlinear amplitudes. In these nonlinear plasma electrodynamic regimes the interplay between particle acceleration and electromagnetic field generation determines how the laser pulse energy is transformed either into plasma energy or into other forms of electromagnetic field energy on the rather short time scale of the interaction between the pulse and the plasma.
ION BEAM GENERATION
One of the most important phenomena presently under investigation in relativistic plasmas is the formation of collimated beams of high energy ions: the effective ion acceleration processes that occur during the laser interaction with matter can lead to important new applications. Emission of collimated beams of highly energetic protons from solid targets irradiated with high intensity laser pulses has been reported by various groups, see Refs. [2] . As an example we can refer to the characteristic properties of proton beams produced at the Rutherford Appleton Laboratory [3] which will be discussed in more detail later in the text. The protons have a broad spectrum, with maximum energies up to a few tens of MeV. The beams have a very high brilliance, if compared to conventional accelerators, and they are very directional, with a divergence of a few degrees at the highest energies. They are emitted from a source with an apparent size of less than 5 -10jL/m, for E > 10 MeV, in bursts of ps duration, i.e., 3 orders of magnitude shorter than conventional accelerator bunches.
The generation of fast ions becomes highly effective when the laser radiation reaches the petawatt power range [4] . Analytical estimates and particle in cell simulations [5, 6, 7] show that, by optimizing the laser-target parameters, it becomes possible to accelerate protons up to several hundred MeV.
Advanced ion acceleration scenarios: Energy optimization
For ultra short laser pulses with multiterawatt power in the femtosecond range, the typical time scale of the hydrodynamic expansion of a micron plasma slab is much longer than the laser pulse duration. Under these conditions ions remain at rest. This results in the formation of a positively charged layer of ions. After a time interval 1/cOp/ -(m//47moZ?^2) 1 / 2 the ion layer explodes ("Coulomb explosion"). If we assume that the laser pulse is sufficiently intense so that all free electrons are expelled from the irradiated region of the foil, the electric field near the positively charged layer is given by (1) with HQ the ion density in the foil, Z/e the ion electric charge, and / the foil thickness. The typical energy of the ions with charge Z a e accelerated by this electric field is of the order of E max = ^noZaZ^lR^ (2) where R± is the transverse size of the focal spot which is of the order of the longitudinal size of acceleration region.
Energy spectrum optimization
The "thermaF'energy spectra that are obtained in present experiments are not appropriate for applications where energy selection is an important issue, such as in the case where the use of laser accelerated proton beams is proposed for hadrontherapy in oncology [8] . In order to improve the proton beam quality we can use multi-layer targets. In this scheme [8] a foil is used as a target and its rear surface is coated with a thin and transversally narrow hydrogen layer. An ultra short laser pulse irradiates the target: heavy atoms are partly ionized and the resulting free electrons abandon the foil. This leads to a large electric field due to charge separation. Heavy ions with large value of the ratio (]u/Z) remain at rest while the protons in the coating are accelerated. If the proton coating is thin and has a transverse size smaller that the diameter of the focal spot, this scheme provides a controlled acceleration of protons.
Since the proton layer is narrow in the transverse direction we can model the acceleration process by assuming a one-dimensional electric field of the form
At t = 0 all particles are at rest with zero velocity. Then, at the exit of the acceleration region, their energy spectrum is given by
2 /2, which shows that a small energy spread is obtained when the thickness of the proton layer is narrow. A most important requirement is that the transverse size of the proton layer be smaller than the focal spot so as to reduce the influence of the laser pulse inhomogeneity in the direction perpendicular to its direction of propagation. The pulse inhomogeneity causes an inhomogeneity of the accelerating electric field, which results in an additional energy spread of the ion beam, as seen in experiments. An additional parameter for controlling the properties of the proton beams is provided by deformed targets [6] : protons accelerated from the rear side of a concave foil are focused near the center of the foil curvature.
PROTON IMAGING
The beams of multi-MeV protons generated during the interaction of ultraintense (/ > W l9 W/cm 2 ) short pulses with thin solid targets can be used as a particle probe in laserplasma experiments [3, 9] . The beams need not be monochromatic for this application.
Proton imaging employs these proton beams as a diagnostic in a point-projection imaging scheme and provides the possibility of diagnosing electric fields in dense plasmas and laser-irradiated targets. Laser-produced protons also have a great potential as a density diagnostic in thick targets, but in the limit of thin targets (with thickness much smaller than the collisional proton stopping distance) beam perturbations are mainly due to the electromagnetic fields present in or around the targets. As noted in [3] , this technique can open up the possibility of accessing the yet unexplored electromagnetic field distributions in indirect drive target assemblies. In a Fast Ignitor context, it can contribute to the study of the electron dynamics and transport following ultraintense laser-plasma interactions, via the detection of the ultralarge electromagnetic fields associated with the electron motion.
Parameters of the proton beams
We refer to the beam parameters described in [3] : the VULCAN laser, operating in the Chirped Pulse Amplification mode (CPA), provides 1.054^/m, Ips pulses with energy up to 1007. The focal spot varied between 8 and Wjum in diameter at full width at half maximum, containing 30 -40% of the energy, and giving intensities up to
The targets used for proton beam production were Al foils, 1 -2mm wide and 3 -25jum thick. The proton beams produced under these conditions were bright, typically containing more than 10 12 protons with energy above 3MeV per shot. The energy of the protons typically reached about 25MeV. The duration of the proton pulse at the source is predicted to be of the order of the pulse duration. Experimental evidence shows that it was below 5ps.
When a thin object is placed between the source and a detector, there will be a oneto-one correspondence between the points of the object plane and of the detector plane (assuming a purely geometrical propagation for the protons). Distortions to this oneto-one correspondence can be ascribed to deflections undergone by the protons when they cross the object plane, and are ultimately correlated to the electromagnetic fields present in the object plane. Obtaining comparable spatial resolution with proton beams from conventional accelerators requires sophisticated charged particle optics and a ps temporal resolution is definitely beyond the possibilities of applications employing such pulses.
The high temporal resolution of this diagnostic makes it ideal in order to study highly transient fields, such as, for example, those arising from the nonlinear plasma dynamics following intense, short pulse interactions. Coherent field structures, such as solitons and vortices are fundamental features of this nonlinear interaction [10] .
Electric fields inside plasma bubbles due to postsoliton merging
Analytical and numerical results [11, 12] have shown that slowly propagating, lowfrequency, sub-cycle solitons can be generated in the interaction of ultra short ultraintense laser pulses with underdense plasmas. A significant fraction of the laser pulse energy can be trapped in these structures which have a typical size of the order of the collisionless electron skin depth d e -c/(d pe . The fields inside the solitons consist of synchronously electric and magnetic fields, oscillating at a frequency smaller than the Langmuir frequency (f> pe of the surrounding plasma, plus an electrostatic field which arises from the charge separation. Recently, the complex three-dimensional structure of these solitons has been investigated and resolved with the help of sophisticated threedimensional Particle in Cell simulations [13] On time scales longer than (m//m e ) 1//2 0)~J the nature of the slow propagating subcycle solitons changes because ions start to expand. As a consequence, a void forms in the ion density and the soliton is changed into a radially expanding postsoliton structure [14] that is largely quasineutral. Due to their expansion, initially separated solitons can merge and form a foam of plasma bubbles [15] consisting of merged postsolitons.
Proton imaging of the bubble fields: test particle approximation
Proton beams as described above can be employed for the detection of such structures. During the time taken by the energetic protons to cross the postsoliton bubble, the oscillating component electromagnetic field changes its sign several times. The deflection of the proton trajectory is thus only due to the electrostatic component of the electric field.
Let us assume that the electric field is localized inside the postsoliton bubble and is directed normally to the walls. The bubble is assumed to have a spherical form: thus the electric field has a radial component only which depends on the coordinates as E = E\\r/R. We take the postsoliton bubble to be in the z = 0 plane while the test proton source is a point source localized at r = 0, z -Z s . The bubble radius R in the experiments is much smaller than the proton source distance : R <C \Z S \. The proton beam reaches the plane z = 0 with velocity v z along z and radial velocity v z ro/\Z s \ <C v z , where TO is the radial coordinate at z = 0.
If we assume that the electric field in the bubble is relatively weak so that eE\\R/m p v1 <C 1, a proton crossing a bubble with impact parameter TO acquires a transverse momentum given by for TO < R, and is undeflected, A/?^ = 0, for TO > R. The density distribution in the jc, y plane at the distance Z is equal ton = n\ inside the projection of the bubble on the image plane i.e., inside the circle with radius is equal to n = n^ > n\ at r = R\ and tends to infinity on the radius #2-If 2eE\\\Z s \/m p v 2 > 1 the position of the maximum density ring is given by
As discussed in Ref. [15] , in the case the ring radius is only slightly larger than the radius of the bubble image, RI = R\ + 8r with 8r <C RI , we have (8) The typical distribution of the proton density at a distant screen exhibits a two ring structure. The radii of the rings depend on the size of the postsoliton, on the postsoliton electric field value, and on the distance to the screen. From the expressions given above we can find both the size of the bubble and the electric field value inside the bubble.
EXPERIMENTAL OBSERVATION OF QUASI-NEUTRAL CAVITATED POSTSOLITONS
In the measurements reported in Ref. [15] , the VULCAN CPA pulse was split into two separate 1 ps, 1 jam, 20 / pulses (CPA\ and CPA^) which were focussed onto separate targets in a 10 -15 jum FWHM focal spot giving an average intensity of about 10 19 W/cm 2 . The CPA\ pulse was used as the main interaction pulse and focused into a preformed plasma. The plasma was produced by exploding a thin plastic foil (0.3 jum thick). The CPA^ pulse was focussed onto a 3 jam Al foil in order to produce a beam of multi-MeV protons, which was used as a transverse particle probe of the interaction region. The main feature observed in the proton images (i.e., the proton beam intensity cross section after propagation through the plasma) was the onset of several bubble structures following the interaction. Proton images of the plasma, obtained with 8 MeV protons and recorded, in different shots, at various delays after the interaction, show 4-5 bubble-like structures at the centre of the plasma corresponding to delays of 20 and 5Qps after the pulse plasma interaction. The region where the bubbles are present extend for about 300/jm in the transverse direction and for about 150/jm in the longitudinal direction. In [15] these observations are shown to be consistent with structures (postsolitons) formed by the expansion and merging of several solitons. For m p v^/2 -6 MeV, with Z = 2cm and Z s = 2mm, we obtain E\\Q ~ 4• 10 7 V/cm, R w 50^L/. This is consistent with the values expected from structures originating from relativistic electron solitons that have been created in the plasma by the laser pulse and that have evolved into larger structures, due to expansion and merging under the effect of the ion dynamics.
ELECTRON BEAMS, MAGNETIC FIELDS AND MAGNETIC RECONNECTION
The generation of beams of relativistic electrons is a ubiquitous feature on the nonlinear interaction of ultra intense laser pulses with underdense and overdense plasmas. The propagation of such beams of relativistic electrons is an issue of fundamental importance for the fast Ignition scheme and their dynamics is closely related to the generation of quasistatic magnetic fields in the plasma [16] . Plasma charge neutrality requires the formation of an electron return current and thus the resulting electron distribution is anisotropic with a velocity spread along the laser beam propagation much larger than the perpendicular spread. The repulsion between the two oppositely directed direct or return currents, or equivalently the effect of the anisotropy of the electron distribution, leads to the spatial separation between the two currents. In a relativistic plasma this is believed to be the most important mechanism of generation of a quasi-steady magnetic field [17] 
Magnetic field dynamics
Magnetic field generation from the thermal energy of an anisotropic electron population and the conversion of magnetic into electron energy in the presence of inhomogeneous currents represent two complementary features of the dynamics of a magnetic field in a plasma. Magnetic field generation is related to the mechanism of current separation described above and can be described in terms of the EMCF (electromagnetic current filamentation) instability. This instability is analogous to the well known Weibel instability [18] and occurs in the presence of two populations of counterstreaming electrons.
On the contrary, magnetic field annihilation is best known in the case of the magnetic field line reconnection instabilities studied in laboratory and astrophysical plasmas in the presence of current inhomogeneities. Recently, it has been shown in Ref. [19, 20] that a similar process of "high frequency" magnetic reconnection can affect the 3D spatial distribution and the time evolution of the magnetic field generated by the EMCFI in the laser plasma interaction.
Magnetic field reconnection in laser plasmas
Magnetic field line reconnection allows the restructuring of the magnetic field in a plasma. In a laser plasma the magnetic field generated by the EMCF instability is quasistationary on the times scale of the Langmuir waves and is essentially frozen in the electron fluid. Thus in these plasma regimes the main effect of magnetic field line reconnection consists in allowing the current channels to coalesce, as seen in 3-D PIC simulations in overdense plasmas. To be of interest for laser plasma phenomena this reconnection process must take place on time scales that are not much longer than the electron dynamical time scales and must occur even in the absence of dissipative effects such as resistivity. As in the case of Magnetohydrodynamic (MHD) reconnection, this "high frequency" reconnection which occurs in the frequency range corresponding to the whistler waves [21] leads to the breaking of the field lines of the quasi static magnetic field and to their "reconnection" in a different pattern with the formation of magnetic islands. As in collisionless MHD plasma regimes, this process is made possible by the effect of the electron inertia on the plasma conductivity.
The coalescence of the magnetic channels has important implications for the current dynamics and for the propagation of the energetic electrons in the plasma. Indeed we recall that the magnetic field generated by the EMCF instability under present experimental conditions by a relativistically intense laser pulse is estimated to be of the order of 100MG. In terms of the associated cyclotron and plasma frequencies we have £l e /(ti pe < 1: thus in a relativistic laser plasma magnetic fields can affect both the single particle dynamics and the whole collective nonlinear plasma behaviour.
In a laser plasma electron anisotropy is at the basis both of the generation of the magnetic channels and, together with the strong current gradients in these channels, of the development of reconnection and magnetic channel coalescence. The study of the combined development of these competing processes requires a fully 3D description of the plasma [22] . The "minimal" description of the combined magnetic field generation and reconnection is obtained in a 2D-3V configuration where all the vector fields have three components, but are independent of x (direction of the beam propagation).
Numerical 2D-3V kinetic simulations [19] show that the structure and the time evolution of the magnetic field and of the flow pattern, formed after the nonlinear phase of the EMCFI, conform to those produced by magnetic field line reconnection instabilities. The reconnection instability is shown to develop on a fast electron time scale (longer than but comparable to that of the EMCFI) and to lead to a 3-D isotropization of the electron distribution.
CONCLUSIONS
Numerical simulations play a fundamental role in the analysis of these "extreme" regimes which are outside the reach of most analytical developments because of their high dimensionality and because of their fully nonlinear dynamics. As discussed in Ref.
[l], these numerical simulations are not only used for validating analytical models, but also play the more vital role of an investigative tool for discovering new phenomena. This simulation analysis must be accompanied by the development of an appropriate terminology, in order to describe the numerical results, and must be guided by an "a priori" understanding of the relevant range of parameters and their scaling. Both the terminology and the parameter estimates can only be obtained from a physical understanding based on the extrapolation of simplified, lower dimensionality, models.
